Introduction
Land plants are sessile and have evolved sophisticated mechanisms allowing them to make both immediate and acclimatory responses to environmental changes. In natural habitats, plants are exposed to rapid fluctuations in environmental conditions, such as changes in light intensity and quality, temperature, CO 2 availability, nutritional status and water supply. Large increases in light intensity over short periods can be beneficial for photosynthetic yields in plants acclimated to low light (Long et al. 1994 ). However, if such conditions persist, an imbalance may be created because the light energy absorbed through the light-harvesting complexes (LHCs) will exceed the amount that the plant can dissipate or use for CO 2 assimilation (Horton et al. 1996 , Foyer 1997 , Huner et al. 1998 , Noctor and Foyer 1998 , Asada 1999 . Such an imbalance, leading to excess excitation energy (EEE), can be generated by high light alone, low temperature alone or both, and can be strongly enhanced by combination with other abiotic or biotic factors. Prolonged exposure to conditions that generate EEE can lead to an increase in the generation of reactive oxygen species (ROS) such as singlet oxygen, the superoxide anion, hydrogen peroxide (H 2 O 2 ) and the hydroxyl radical (Karpinski et al. 1997 , Karpinski et al. 1999 , Asada 1999 , Fryer et al. 2002 . Accumulation of ROS exceeding the capacity of antioxidant systems to remove them can lead to irreversible oxidative damage to the chloroplast and cell, ultimately causing permanent damage to leaf tissues (Willekens et al. 1997 , Karpinski et al. 1999 , Karpinska et al. 2000 , Mittler 2002 , Rizhsky et al. 2003 .
Plants have a range of mechanisms for protecting themselves against the damaging effects of EEE. Immediate or short-term responses to conditions that promote EEE include changes to the stoichiometry between photosystem I (PSI) and PSII mediated by rearrangements of the LHCs (Allen 1995 , Wollman 2001 , Pfannschmidt et al. 1999 ) and increases in the thermal dissipation of excitation energy, which can be monitored by measuring changes in non-photochemical quenching (NPQ) parameters (Adams et al. 1994 , Demmig-Adams et al. 1996 , Niyogi et al. 1997 , Ruban and Horton 1999 , Niyogi 2000 , Müller et al. 2001 , Ort 2001 . Non-photochemical quenching processes include the transfer of excitation energy from triplet state chlorophyll to carotenoids or via singlet oxygen to carotenoids, which in turn dissipate EEE as heat during their return to a non-excited ground state (Niyogi 1999 , Aspinall-O'Dea et al. 2002 , Li et al. 2000 . In Arabidopsis, a chlorophyll-binding protein encoded by the nuclear PsbS gene has been identified that has no effect on photosynthetic efficiency, but is absolutely required for efficient non-photochemical quenching under fluctuating light conditions and in the field (Külheim et al. 2002) .
Photochemical quenching of EEE is the collective term for processes that increase the consumption of photosynthetic electrons by the deployment of additional metabolic sinks. These include the reduction of O 2 at PSI (the Mehler reaction; Mehler 1951) and increased rates of photorespiratory metabolism (Kozaki and Takeba 1996, Asada 1999) . Increases in the rates of these processes inevitably increase the rates of ROS production. H 2 O 2 is the most stable of the ROS and can behave both as an oxidant and as a reductant, although it has a low ability to react with most organic molecules if no metal catalysts are present (Salin 1987) . The electron transfer chain of the chloroplasts is the best documented source of H 2 O 2 in plants (Mehler 1951 , Asada 1999 ). In the light, the key enzyme involved in H 2 O 2 scavenging is ascorbate peroxidase (APX; EC 1.11.1.11), which catalyses the reaction: 2 ascorbate + H 2 O 2 → 2 monodehydroascorbate + 2 H 2 O. It has also been suggested that leaves exposed to conditions that promote EEE accumulate H 2 O 2 , which is a putative systemic signalling molecule for the induction of whole plant acclimation to partial exposure to high light. This whole plant acclimation process is termed systemic acquired acclimation (SAA; Karpinski et al. d n = 20, e n = 14. All data are means ± SD and the statistical significance of differences between WT and chaos mutant (according to Student's t-test) is indicated as: *P < 0.05, **P < 0.01, ***P < 0.001. 1999) to distinguish it from responses of leaves exposed directly to high light.
Growth
Light acclimation processes are also involved in the dissipation of EEE, or minimization of its formation, by reducing the capacity of the leaf to capture light energy (Karpinski et al. 1999 , Pfannschmidt et al. 1999 , Niyogi 2000 , Jarillo et al. 2001 , Ort 2001 , Kasahara et al. 2002 .
The involvement of ROS, photosynthetic electron transport and redox signalling in cellular acclimatory responses during EEE has been described previously (Escoubas et al. 1995 , Karpinski et al. 1997 , Karpinski et al. 1999 , Huner et al. 1998 , Pfannschmidt et al. 1999 , Karpinska et al. 2000 , Fryer et al. 2003 , Slesak et al. 2003 . To understand these processes, it is essential to ascertain also the roles of chloroplast proteins that contribute to the size and organization of the PSII antenna complexes, and photosynthetic electron transport, in sensing environmental stimuli such as transient increases in light intensity. Moreover, it was demonstrated recently that field experiments and tests in fluctuating light conditions are essential for thorough characterizations of mutant(s) with impaired EEE dis- sipatory systems (Külheim et al. 2002) . In the study reported here, the objective was to investigate the role of CAO/cpSRP43 in the light acclimation of Arabidopsis to conditions that promote an increase in EEE. Unfortunately, the gene designation CAO has been given twice to two separate and unrelated genes in Arabidopsis. The first is the gene coding for a chloroplastic signal recognition particle, cpSRP43, described in the chaos mutant (CAO; Klimyuk et al. 1999 ) and the second is the gene for chlorophyll a oxygenase (AtCAO; Espineda et al. 1999 ). Here we strictly use the designation CAO to indicate the gene coding for the cpSRP43 in accordance with Klimyuk et al. (1999) .
Integration of the PSII antenna LHCs into the thylakoid membrane requires cpSRPs, consisting of cpSRP54 and cpSRP43 (Keegstra and Cline 1999) . The recessive Arabidopsis mutant chaos has a reduced PSII antenna size compared with the wild type (WT), due to disruption of the gene encoding cpSRP43, CAO (Schuenemann et al. 1998 , Amin et al. 1999 , Klimyuk et al. 1999 ). This was manifested in reduced chlorophyll b contents and lower LHC proteins levels while PSII remains photochemically competent in the chaos mutant (Klimyuk et al. 1999) . Recently it was also reported that mature chaos mutants are more susceptible to high light and chilling stress (Hutin et al. 2003) . While this might be true under certain highly controlled experimental conditions in the laboratory, comparative studies reported here of chaos and WT plants in both the laboratory and the field suggest that the true role of cpSRP43/CAO expression, in the plants acclimatory mechanisms to photooxidative stress, may be more complex.
Results
Growth rate, lignin and pigment content in WT and chaos plants
In either low or high light conditions, 5-week-old WT plants had grown much more than chaos mutants, calculated on either fresh weight (FW) or dry weight (DW) bases (Table 1) . Fig. 3 Relative APX and CAO mRNA levels, and relative cpSRP43 protein levels in 2-week-old WT and chaos leaves during acclimation to increased irradiance and chilling temperature. Total RNA was isolated at seven different times: 0, 1, 3, 6, 24, 48 and 196 h after a shift to low temperature (4°C) and increased irradiance (350 µmol photons m -2 s -1 ). (A) Total RNA (20 µg per slot) was transferred to a filter and hybridized with homologous APX1, APX2 and APX3 cDNA probes, and relative mRNA units (RU) were obtained. The value at time 0 for APX1 and APX3 is set to 1, except for APX2 where the value at 1 h is set to 1. (B) Total RNA (20 µg per slot) was transferred to a filter and hybridized with homologous CAO cDNA probes, and relative mRNA units (RU) were calculated. The value at time 0 is set to 1. (C) Relative levels of cpSRP43 analysed in Western blot experiments, 0, 24, 48 and 196 h after a shift to low temperature and increased light intensity. Pooled samples of 15 leaves obtained from several individuals were used for every time point. The data were obtained from three independent experiments (N = 3). Vertical bars represent SDs.
The growth rate of WT cultivated in low light was 2.3 times higher compared with chaos and 1.7 times higher in plants cultivated in high light, on an FW basis. Calculated on a DW basis, the growth rate was 2.5 and 1.9 times higher in WT than in chaos in low and high light, respectively. The percentage of dry matter did not differ greatly between treatments, but it was significantly lower in chaos than in WT plants in both cultivation conditions (Table 1 ). The number of leaves per rosette was similar for both types of plants and in both cultivation conditions (Fig. 1A) . Cross-sections of hypocotyls showed that they were thicker and more strongly lignified in WT compared with chaos plants in both low and high light conditions (Fig. 1B) . During acclimation to high light, there was also a decrease in pigment content (chlorophyll a, b and phaeophytin) as well as an increase in chlorophyll a/b ratio in WT plants (Table 2) . However, the relative differences between chaos and WT were smaller in plants cultivated in high light.
Acclimation to high light and chilling temperatures
When 2-week-old seedlings cultivated at 20°C in low light (100 µmol m -2 s -1 ) with a 16 h photoperiod ( Fig. 2A ) were exposed to a combination of continuous high light (650 µmol m -2 s -1 ) and chilling (5°C), extensive photobleaching of leaves occurred after 4 d in both types of plants (Fig. 2B ). However, photobleaching was significantly (P < 0.01) higher in WT than in chaos leaves (Fig. 2E ). Three days after recovery from the stress, new leaves developed in both types of plants ( Fig. 2C ), but growth recovery (measured as the increase in number of new true leaves) was significantly (P < 0.01) higher in chaos compared with WT ( Fig. 2F ). Maximal photochemical efficiency (F v /F m ) values were significantly (P < 0.001) lower in WT compared with chaos plants throughout the experiment (Fig. 2D ). F v /F m values reached a minimum after 1 d of treatment, and then partially recovered during the remainder of the treatment, and full recovery of F v /F m occurred after 3 d in low light conditions.
In another experiment, 2-week-old WT and chaos seedlings cultivated at 20°C in low light (100 µmol m -2 s -1 ) with a 16 h photoperiod were exposed to low temperature (4°C) and increased irradiance (350 µmol m -2 s -1 ) for a week. During this experiment, the relative transcript levels of APX1 and APX2 increased within 3 and 6 h, respectively, and all three APXs reached maximum levels after 1 week of treatment in WT plants (Fig. 3A) . In chaos mutants, the changes were much smaller and the levels of expression after 1 week of treatment were significantly lower than in WT (Fig. 3A) . In the WT, expression of the CAO gene and the level of cpSRP43 protein decreased simultaneously throughout the experimental period ( Fig. 3B, C) . Changes in the APX transcript level resulted in concomitant and proportional changes in the foliar APX activity (rising from 537 ± 109 to 1,803 ± 241 units (g FW) -1 after 7 d in the WT, and from 473 ± 89 to 921 ± 164 units (g FW)
in chaos plants, n = 7 ± SD).
Performance of WT and chaos plants in the field
Furthermore, we analysed the response of chaos and WT plants in the field during springtime in northern Sweden (Table  3) . In these experiments, 3-week-old chilling-acclimated plants (see Fig. 3 ) were moved to the field in Umeå during early springtime (March 30-April 30, 1998) . During this period, the maximum night/day temperature ranged from -8 to 13°C, maximum light intensity ranged from 300 to 800 µmol m -2 s -1 and the photoperiod increased from 12 to 18 h. Chaos leaves tolerated the high light and chilling conditions better than WT Table 3 Chlorophyll a fluorescence parameters measured in 2-week-old seedlings of WT and chaos mutant leaves during acclimation to chilling temperatures in the field (outdoors ambient conditions springtime 1998 at Umeå) a Fluorescence data were collected from the time when the plants were transferred outdoors (indicated by 0 h) and during 6 days of acclimation. All data are means of pooled samples, n = 3 ± SD and the statistical significance of differences between WT and the chaos mutant (according to Student's t-test) are indicated with asterisks (*P < 0.05, **P< 0.01, ***P < 0.001). b The statistically significant decreases in NPQ values between 0 and 6 days for both chaos mutant and Ler-0 plants is indicated with asterisks. On several occasions, we measured chlorophyll a fluorescence parameters in chaos and WT leaves during the first week of the natural chilling and freezing cycles. F v /F m , ΦPSII (a proxy of quantum yield of electron transport from water through PSII) and NPQ values were higher in chaos than in the WT throughout the period, although for F v /F m and ΦPSII the differences were significant only after 1 week in the field (Table 3 ). The q p (estimation of PSII centres in the open state) values did not differ significantly between chaos and WT at any time (data not shown). Also, the surface leaf temperature measured after 3 h of exposure to field conditions was significantly (P < 0.001) higher in chaos than in WT leaves (7.9 ± 0.2°C for chaos and 7.2 ± 0.3°C for WT, n = 27 ± SD, at a time when the air temperature was 3.4°C). Almost 94% (N = 3, n = 210) of chaos plants survived in the field, while lower values of survival were obtained for WT, 88% (N = 3, n = 210). The observed differences were statistically significant at the 1% probability level.
Typical chaos rosettes cultivated in the field are presented in Fig. 4 .
Comparison of photoinhibition and photooxidative stress between 5-week-old chaos and WT plants
The above results suggested that the inhibition of (or lack of functional) CAO genes is correlated with the plants' successful acclimation to high light and chilling temperatures. However, it was reported recently that 5-week-old chaos plants cultivated in highly controlled laboratory conditions were more susceptible to photooxidative stress generated by high light and chilling temperatures (Hutin et al. 2003) . In confirmation of this, when we tested 5-week-old chaos plants cultivated under controlled laboratory conditions, these plants exhibited stronger reduction of F v /F m values compared with WT during a 90 min exposure to excess light (Fig. 5A) . However, the chaos plants recovered faster from such stress, and reached similar F v /F m values to WT plants after a 60 min recovery period (Fig. 5A) . Fig. 3 for chilling acclimation and Table 3 for chlorophyll a fluorescence measurements during this experiment. Control Ler-0 plants (not shown) appeared similar to the chaos plants and no visual differences were observed except for the stronger pigmentation in Ler-0. 13.9 ± 2.5 ND chaos 29.4 ± 3.7*** 2.4 ± 0.9 EL c WT 7.5 ± 1.9 5.4 ± 1.7 chaos 12.6 ± 3.1*** 15.5 ± 2.9 Recovery d WT 8.7 ± 2.8 4.6 ± 1.7 chaos 21.9 ± 3.6*** 7.8 ± 2.8
A decrease in F v /F m is normally considered as an indication of photoinhibition, but may also be attributable to an increased activity of the violaxanthin-antheraxantin-zeaxanthin (VAZ) cycle (Adams et al. 1994) . Therefore, we also compared NPQ, oxygen evolution and VAZ cycle pigment contents in WT and chaos mutant during exposure to excess light stress. Under non-stressed conditions, chaos had an ∼20% higher NPQ compared with WT, but, after 60 min of excess light, the level had dropped to about half that of WT (Fig. 4B) . NPQ levels after recovery were similar in WT and chaos (Fig. 5B) . Light-saturated oxygen evolution dropped during exposure to excess light in both WT and chaos (Fig. 5C) . The decrease was faster and slightly larger in chaos than in WT, but the recovery was also stronger in chaos, similar to the F v /F m values (Figs 5A and C). However, when we normalized oxygen evolution per chlorophyll content, chaos mutants had higher oxygen evolution in low light, and the degree of reduction during excess light was similar to that observed in WT. Chaos mutants consequently had higher levels of violaxanthin compared with WT (Table 4 ). This was also associated with higher levels of antheraxanthin + zeaxanthin after 90 min of excess light stress and after 1 h of recovery from stress in chaos (Table 4) , suggesting a higher degree of activation of the VAZ cycle in the mutant.
Since chaos had been shown previously to induce ascorbate peroxidases to a lesser degree than WT (Fig. 3A) , the possibility remained that the mutant was impaired in ROS scavenging and suffered more oxidative damage due to increased foliar levels of H 2 O 2 . We thus made determinations of H 2 O 2 in 5-week-old chaos and WT plants during a 2 h exposure to excess light and a subsequent 2 h recovery in low light. However, control foliar H 2 O 2 levels were approximately twice higher in WT than in chaos plants (Fig. 6A) . After 60 min of excess light stress, an increase in the amount of foliar H 2 O 2 was observed, and H 2 O 2 levels continued to rise in both sets of plants throughout the 2 h excess light treatment (Fig. 6A) . However, the relative increase in foliar H 2 O 2 levels in chaos leaves during the 2 h excess light period was significantly lower than in WT leaves. Furthermore, after 2 h of post-stress conditions, H 2 O 2 levels were declining in chaos leaves, but not in WT leaves. In control plants of both WT and chaos, acclimated to low light, and kept in low light conditions during the 4 h experimental period, the foliar levels of H 2 O 2 did not change (data not shown). Staining with 3,3′-diaminobenzidine (DAB) also confirmed the lower H 2 O 2 production in chaos compared with WT plants when challenged with excess light (Fig. 6B) . Nitroblue tetrazolium staining for superoxide ion did not reveal any specific differences between chaos and Ler-0 before or after excess light exposure (Fig. 6B) In connection with the H 2 O 2 studies, we also determined the foliar content of ascorbate (data not shown). The total ascorbate content was similar in low light-cultivated WT and chaos plants but, when the plants were transferred to high light, ascorbate levels almost doubled in WT while there was only an ∼50% increase in chaos. These results suggest that chaos plants experienced less photooxidative stress than WT plants during and after exposure to EEE. Photosynthetic oxygen evolution measured under light-saturated conditions (600 µmol m -2 s -1 ). For F v /F m and NPQ values n = 6, and for oxygen evolution values n = 3. Error bars represent the SE, and statistical significance is indicated by asterisks (**P < 0.01).
Regulation of CAO gene expression
Considering the opposite trends of changes in transcript levels for CAO and APX genes observed following the transition to high light and chilling temperatures (Fig. 3) , we wished to obtain more information about the regulatory mechanisms controlling the levels of cpSRP43/CAO mRNA, and to check the possible involvement of redox changes in the photosynthetic electron transport chain. In previous experiments, application of either of the photosynthetic electron transport inhibitors 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU; 4 µM) and 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB; 14 µM) during low light had antagonistic effects and could block the reduction and oxidation of the plastoquinone pool, respectively (Karpinski et al. 1997 , Karpinski et al. 1999 , Karpinska et al. 2000 , Slesak et al. 2003 . Under low light conditions, treatment with DBMIB induced an increase, whereas 
2 ) levels measured in Ler-0 and chaos leaves exposed to excess light. Levels of hydrogen peroxide were determined after 0, 60 and 120 min of excess light stress and after 2 h of recovery in three leaves obtained from three independent experiments (n = 9). Error bars represent SDs. (B) Levels of hydrogen peroxide and superoxide ion visualized by staining with 3,3′-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT), respectively. Leaves from low light (LL)-acclimated 5-weekold Ler-0 and chaos plants were excised and infiltrated with DAB or NBT for 3-6 h in the dark. The staining was then visualized after removal of pigments before (0′ EL) and after 30 min exposure to excess light (30′ EL). Fig. 7 Relative levels of APX1 and CAO transcripts in WT leaves treated with photosynthetic electron transport inhibitors and excess light. (A) Total RNA was isolated after vacuum infiltration with 6 µM DCMU and 14 µM DBMIB or water (control) in low light conditions (LL; 150 µmol photons m -2 s -1 ). Total RNA (20 µg per slot) was transferred to a filter and hybridized with homologous APX1 and CAO cDNA probes. Pooled samples of 15 leaves obtained from several individuals were used for every treatment and time point. The data are representative for three independent experiments (n = 3). (B) Total RNA isolated from WT leaves (20 µg per lane), separated by gel electrophoresis, transferred to a filter and hybridized with homologous APX1 and CAO cDNA probes. mRNA levels were analysed after 0 and 60 min of excess light (EL; 2,150 µmol photons m -2 s -1 ) and 1 h of post-stress conditions. (C) Relative levels of cpSRP43 were analysed in Western blot experiments, 0, 1 and 2 h after excess light exposure (LL, EL1 and EL2, respectively) and after 1 and 2 h of recovery in pre-stress conditions (R1 and R2, respectively). To check the cpSRP antibodies' specificity, we used protein extract from chaos mutant leaves. The data are representative for pooled samples of leaves of five individual plants obtained from three independent experiments (n = 3).
treatment with DCMU caused a reduction in APX1 mRNA levels ( Fig. 7A ; Karpinski et al. 1997) . Treatment with DCMU under excess light blocked the induction of APX1 (Fig. 7A ) and APX2 (Karpinski et al. 1997 , Karpinski et al. 1999 ). In contrast, CAO mRNA levels were decreased by DBMIB treatment, and increased by DCMU treatment (Fig. 7A) . Moreover, the CAO transcript level was strongly reduced following 1 h exposure to excess light, and returned to initial levels after 1 h recovery in low light (Fig. 7B) . Observed changes in CAO transcript levels were not reflected in subsequent changes in cpSRP43 protein levels (Fig. 7C) , suggesting that longer exposure to EEE stress would have been required to inhibit CAO gene expression fully (see also Fig. 3B and C) .
Discussion
In the present study, we have clearly shown that the presence/absence of the CAO gene in Arabidopsis does indeed have an impact on its tolerance to photooxidative stress. The bulk of our results indicate that the lack of this gene, as exemplified by comparison between the chaos mutant and its WT parent, results in a higher tolerance to photooxidative stress. The phenotypical characteristics of the chaos mutant have been described before by Klimyuk et al. (1999) . In addition to their data, we also observed that the chaos mutant has a slower growth (biomass increase) and is less lignified compared with the WT (Table 1, Fig. 1 ). These differences were less pronounced in plants grown in high light compared with those in low light, and also in plants of a lower age. Especially considering the latter observation, some of our comparative laboratory experiments, testing the role of the CAO gene in plant acclimatory processes, were performed with younger plant material, in order to minimize the impact of developmental differences (leaf volume) on the results. In addition, our results show that lower foliar H 2 O 2 levels are indeed associated with lower lignin content in hypocotyls. These results demonstrate that changes in LHC antenna organization/size induced by the absence of functional CAO genes can be essential for plant growth and development. To our knowledge, these phenomena have not been described before (Schuenemann et al. 1998 , Amin et al. 1999 , Klimyuk et al. 1999 , Hutin et al. 2002 , Hutin et al. 2003 . It is also interesting to note that this growth reduction in the chaos mutant is associated with significantly lower foliar H 2 O 2 levels (Fig. 6A) . H 2 O 2 has been considered a key regulator of the cell cycle and oxidative stress responses (Karpinski et al. 1999 , Kovtun et al. 2000 . Therefore, it can be suggested that genetic manipulation of CAO gene expression may prove to be a generic method for regulating photooxidative stress (EEE) tolerance, plant growth and lignification in 'non-green' plant tissues.
During long-term (4-8 d) treatment with photooxidative stress conditions, the chaos mutant exhibited less photobleaching of leaves, lower induction of cytosolic ascorbate peroxidases and a lower degree of photoinhibition as measured by chlorophyll a fluorescence (Table 3 , Fig. 2, 3) . Also, during a 3 week acclimation to high light (∼360 µmol m -2 s -1 ), the chaos mutant produces less ascorbate, the most abundant soluble antioxdant in the chloroplast (Smirnoff 2000) . When exposed to milder light stress in combination with low temperature (Fig.  3C ) over several days, both the CAO mRNA and cpSRP43 protein levels decrease substantially in the WT. However, during exposure to strong excess light (Fig. 7B) , expression of the CAO gene is rapidly (within minutes) down-regulated, while the amount of cpSRP43 protein does not decrease even after 2 h of such treatment (Fig. 7) . Our conclusion from these observations is that the chaos mutant exhibits a phenotype that is similar to that of a high light-acclimated WT plant.
In contrast to the experiments with 2-week-old seedlings, there was a larger and more rapid decrease in F v /F m in 5-weekold chaos than in WT plants during 90 min of excess light exposure (Fig. 5A ). This apparent stronger photoinhibition in chaos is confirmed by the more pronounced decrease in oxygen evolution normalized per FW (Fig. 5C ). However, it should be noted that the decreases in oxygen evolution in chaos and WT were similar when oxygen evolution was normalized per chlorophyll content (Fig. 5D ). This observation together with the phaeophytin content suggest that chaos leaves had lower numbers (concentration) of P680 reaction centres in comparison with those observed in WT. Decreased F v /F m values may also be the result of stronger activation of the VAZ cycle and a higher capacity for dissipation of EEE as heat (Adams et al. 1994) , which was the rationale for measuring the content of VAZ cycle pigments in leaves during EEE stress. These results showed higher levels of xanthophyll and stronger activation of the VAZ cycle in the chaos mutant (Table 4 ). This apparently contradicts the NPQ data, which showed a large drop in both chaos and WT during stress (Fig 5B) . However, due to the way NPQ values are calculated (F m /F′ m -1), they must be interpreted very cautiously, when comparing stressed and nonstressed plants (Maxwell and Johnson 2000) . In the present study, the sharp decrease in NPQ is likely to be an artefact caused by the drop in maximal fluorescence (F m ) during stress. It is also worthy to note here that the EEE-sensitive phenotype of the lsd1 mutant (LESION SIMULATED DISEASE 1; Jabs et al. 1996) was reverted in lsd1/cao and was associated with a significantly higher thermal dissipation of EEE in the double mutant (Mateo et al. 2004 ). This stronger induction of the VAZ cycle in chaos may be the reason why it exhibits a better recovery, although apparently more photoinhibited during the first 60 min of EEE stress.
Two recent publications have demonstrated the impact of mutations in the Arabidopsis photosynthetic apparatus on plant Darwinian fitness in the field, using the number of siliques and seeds produced as a measure of fitness (Külheim et al. 2002 , J. Andersson et al. 2003 . The two mutants npq1 and npq4, impaired in non-photochemical quenching, exhibited similar growth and seed yield compared with the WT under highly controlled laboratory conditions, but had a lower seed produc-tion in the field (Külheim et al. 2002 ). An antisense mutant (asLHCB2-12) lacking the two major antenna proteins LHCB1 and LHCB2 had similar growth and photosynthetic performance compared with WT when grown under medium light conditions in the laboratory, but grew more slowly and produced less seeds in the field in the summertime (U. . Our study confirms the importance of combining laboratory studies with field experiments for correct characterization of mutants. However, the chaos mutant, which exhibited impaired growth compared with the WT under laboratory conditions had a higher viability when grown in the field, as shown by the number of plants that survived. The chaos mutant also exhibited a better overall photosynthetic performance [higher F v /F m , ΦPSII and NPQ] and had a higher rate of heat dissipation as indicated by foliar temperature (see Results) in response to the environmental conditions experienced in northern Sweden in springtime, which can promote strong photooxidative stress (Table 3 , Fig. 4) .
Our results and conclusions undoubtedly conflict with the recent findings by Hutin et al. (2003) , which suggested that the chaos mutant is more susceptible to photooxidative stress (high light, 1,000 µmol photons m -2 s -1 ; and chilling, 7/6°C) than WT plants. The authors attribute this susceptibility to the reduced level of early light-inducible proteins (ELIPs) in chaos during photooxidative stress and the finding that overexpression of an ELIP transgene restored chaos to WT (Hutin et al. 2003) . The cpSRP double ffc/chaos mutant has been shown previously to be deficient in ELIPs (Hutin et al. 2002) . Interestingly, the chaos mutant has WT levels of ELIPs under low light conditions (Hutin et al. 2003) . Actually, Hutin and colleagues (Hutin et al. 2002 , Hutin et al. 2003 did not demonstrate unambiguously that cpSRP43 is required for ELIP targeting into the thylakoid, because they analysed ELIP targeting only in the double ffc/chaos mutant, which is impaired in both cpSRP43 and cpSRP54 (Hutin et al. 2002) . Moreover, the induction of genes encoding ELIPs and the presence of ELIP proteins in Arabidopsis thylakoids isolated from plants grown in low light had never been observed before Adamska 2000, U. Andersson et al. 2003) . Therefore, the observed discrepancies between our conclusions and those of Hutin et al. (2003) remain an open question. We can only point to some differences in the experimental approach, such as the use of different plant developmental stages (young seedlings versus older rosettes), and the different conditions during the high light and chilling experiments used in our and their studies.
Taken together, these data suggest that regulation of the CAO gene (and its corresponding product the cpSRP43 protein) is part of the plants' system for trimming the photosynthetic machinery in order to avoid and/or protect itself against photooxidative stress. However, the precise mechanism and the role of the CAO gene remain to be investigated in detail. The cpSRP43 protein is vital for insertion of a number of antenna proteins into the thylakoids, and thus for assembly of functional light-harvesting antennae. However, the reaction centre proteins are present at WT levels independent of the absence of a functional cpSRP43 (Amin et al. 1999 , Klimyuk et al. 1999 . A plausible explanation for the function of the CAO gene in oxidative stress protection is by a role in regulating the size/ organization of the light-harvesting antenna complexes, and thus the amount of light harvested. This theory is consistent with the described function of the cpSRP43 protein (Klimyuk et al. 1999 ) and the lowered levels of chlorophylls and phaeophytin, and the increased chlorophyll a/b ratio observed in WT plants during acclimation to high light (Table 2) .
We have demonstrated previously that APX1, APX2 and superoxide dismutase gene expression is regulated by redox changes in the photosynthetic electron transport components and by H 2 O 2 originating from chloroplasts (Karpinski et al. 1997 , Karpinski et al. 1999 , Karpinska et al. 2000 , Mullineaux and Karpinski 2002 , Fryer et al. 2003 , Slesak et al. 2003 . The experiments reported here with excess light and photosynthetic electron transport inhibitors indicate that CAO is yet another gene subject to the same influences. However, in contrast to the above-mentioned genes involved in ROS scavenging, expression of the CAO gene is repressed in high light when the plastoquinone pool is expected to be reduced, similarly to expression of the cab gene in green algae (Escoubas et al. 1995, Durnford and Falkowski 1997) . This suggests that plants responds to EEE and photooxidative stress with a combination of down-regulating the light-harvesting machinery, while simultaneously up-regulating the enzymatic defence against ROS, and that this is under the influence of the redox state of the chloroplast photosynthetic electron carriers.
Materials and Methods
Plant material, growth and stress conditions Arabidopsis thaliana [ecotype Landsberg erecta (Ler-0)], and chaos seedlings (Klimyuk et al. 1999) , individually planted in pots, were grown in a climate chamber under the following conditions: photoperiod, 8-9 h; low light (110 ± 15 µmol photons m -2 s -1 , with supplementary light provided by Powerstar HQI-E 250W lamps, OSRAM Germany) and in high light (360 ± 20 µmol photons m -2 s -1 ); temperature 22/16°C (day/night) and relative humidity 60 ± 5%. Growth differences were estimated in 5-to 6-week-old WT and chaos plants by determining the accumulation of biomass (measured in terms of FW and the width of the hypocotyl) and the accumulation of dry matter after oven-drying the plant material for 48 h at 80°C. During the photoperiod, 5-to 6-week-old plants were exposed to excess light (2,000 ± 200 µmol photons m -2 s -1 , provided by HMV 1200 lamps Pani, Vienna, Austria) for 1.5 h. After the excess light pulse, plants were allowed to recover in the original growth conditions. SAA was induced by partial exposure of WT and chaos rosettes as described previously (Karpinski et al. 1999) , with the following modifications. Light generated by HMV 1200 lamps (2,000 ± 200 µmol photons m -2 s -1 ) was mixed with 40 µmol photons m -2 s -1 of 660 ± 12 nm red light in order to enhance EEE in excess light-exposed leaves. Non-exposed leaves were kept in low light.
High light and chilling experiments
Seedlings were germinated and grown in low light as described above. After 14 d, they were transferred to 650 ± 50 µmol m -2 s -1 light, with a continuous photoperiod, temperature 5°C and relative humidity 80 ± 5%, and were incubated for 4 d. After this period, the seedlings were transferred to the original low light cultivation conditions to determine growth recovery. In another experiment, 2-week-old seedlings were transferred to 350 ± 50 µmol photons m -2 s -1 , 14 h photoperiod, temperature 4°C and relative humidity 80 ± 5%. After acclimation for a week, the plants were moved to the field.
Chlorophyll a fluorescence, leaf temperature and oxygen evolution
Chlorophyll a fluorescence parameters were determined using an FMS1 portable modulating fluorimeter and the manufacturer's software (Hansatech, Kings Lynn, U.K.). The fast chlorophyll a induction kinetics were measured as previously described (Karpinski et al. 1994 , Karpinski et al. 1997 , Karpinski et al. 1999 , Slesak et al. 2003 , using a protocol similar to that described by Genty et al. (1989) . The chlorophyll a fluorescence parameters F v /F m , ΦPSII, NPQ and q p were calculated according to Maxwell and Johnson (2000) . Leaf temperature was measured using an infrared thermometer supplied by Land Instruments International, Downfield, U.K. Oxygen exchange rates were measured in several (3-4) leaves in gas phase using a Clark-type oxygen electrode (LD2/3 oxygen electrode chamber) connected to an Oxylab control unit (Hansatech Instruments Ltd., Norfolk, U.K.) and recorded on-line with a computer.
Quantitative analysis of H 2 O 2 and pigments
The H 2 O 2 was analysed as described before (Karpinski et al. 1997 , Karpinski et al. 1999 . For determination of foliar pigment contents, leaves were ground with a mortar and pestle, and photosynthetic pigments were analysed as previously described (Karpinski et al. 1994 ).
Slot and gel blot Northern hybridization and APX activity
Hybridizations, quantitative reverse transcription-polymerase chain reaction (RT-PCR) assays and analyses of the results were performed as described before (Karpinski et al. 1997 , Karpinska et al. 2001 . APX activity determinations were carried out using cell-free Arabidopsis leaf extracts using protocols described in Jimenez et al. (1997) .
Western blot experiments
CAO cDNA was cloned into the pQE30 expression vector (QIA-GEN, Maryland, U.S.A.) and cpSRP43 was purified from Escherichia coli BL21. Purified protein was used to prepare chicken anti-cpSRP43 antibodies, and cpSRP43 antiserum was purified according to standard procedures (see, for instance, Karpinska et al. 2001) . Trials with different amounts of protein and various dilutions of purified cpSRP43 antiserum were performed. The specificity of the anti-cpSRP43 was confirmed using WT and chaos protein extracts (see Fig. 7 ). Proteins were separated by SDS-PAGE in 4-12% gradient gels (NuPage, Invitrogen) and electroblotted onto polyvinylidene fluoride membranes (BioRad). The blotted membranes were blocked with 5% (w/v) milk powder in Tris-buffered saline (TBS) containing 0.05% Nonidet P-40 (TBS-Nonidet). After blocking, the membranes were incubated with purified anti-Arabidopsis cpSRP43 antibody in TBS containing 2% milk powder and 0.25% Triton X-100 (antibody buffer). The membranes were washed four times in TBS-Nonidet for 10 min and then incubated with secondary antibody (anti-chicken IgG-POD, Boehringer, Mannheim) in antibody buffer for 30 min. After washing in TBS-Nonidet as before, the blots were immersed in detection solution and chemiluminescence was detected as described by the manufacturer (Boehringer Mannheim). Controls were also run with preimmune chicken serum to check for non-specific adsorption of primary antibody.
Staining for hydrogen peroxide and lignin
Sections of WT and chaos hypocotyls were stained with phloroglucinol to visualize lignin. Staining to determine the localization of hydrogen peroxide was performed using DAB (Sigma-Aldrich) according to Thordal-Christensen et al. (1997) .
